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GAS SENSOR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a U.S. National Stage application under
35U.S.C. §371 of International Patent Application Serial No.
PCT/IP2012/083879, filed Dec. 27,2012, which Application
claims the benefit of priority of Japanese Patent Application
No. JP2012-004963, filed Jan. 13, 2012, the disclosures of
each of which are expressly incorporated by reference in their
entireties. This application is also related to a U.S. National
Stage application under 35 U.S.C. §371 of International
Patent Application Serial No. PCT/JP2012/083880, filed
Dec. 27, 2012, which Application claims the benefit of prior-
ity of Japanese Patent Application No. JP2012-004964, filed
Jan. 13, 2012, the disclosures of each of which are expressly
incorporated by reference in their entireties, which was
entered into U.S. on Jun. 24, 2014.

TECHNICAL FIELD

The present invention relates to a gas sensor, and is suitable
to be applied to detection of, for example, gases such as CO,
and NH;.

BACKGROUND ART

In recent years, studies on gas sensors capable of detecting
various gases such as CO, and NH; have been conducted, and
among them, gas sensors using carbon nanotubes (CNTs), for
example, have been especially attracting attention from the
viewpoint of detection sensitivity for gases, miniaturization,
and energy saving (for example, see Patent Literature 1 and
Non Patent Literature 1). In fact, the gas sensor using a carbon
nanotube like this has a configuration in which the surfaces of
the carbon nanotube provided between a source electrode and
a drain electrode are chemically modified with two kinds of
polymers, in order to detect CO, that is a target of detection,
for example. Further, the gas sensor is configured in such a
manner that the carbon nanotube is disposed on the silicon
back gate via a silicon oxide film, and a gate voltage can be
applied to the silicon back gate.

CITATION LIST
Patent Literature

Patent Literature 1: National Publication of International
Patent Application No. 2007-505323

Non Patent Literature

Non Patent Literature 1: A. Star, T. R. Han, V. Joshi, J. C. P.
Gabriel, G. Gruner, “Nanoelectronic Carbon Dioxide Sen-
sors”, Advanced Materials, Vol. 16, No. 22, 2004.

SUMMARY OF INVENTION
Technical Problem

However, in order to enable the gas sensor configured as
above to detect CO, by using a carbon nanotube, surface
chemical modification of the carbon nanotube needs to be
performed by two kinds of polymers, and therefore, there
arises the problem that the configuration is complicated cor-
respondingly. Further, while the gas sensor like this can detect
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a gas that is a target of detection, enhancement in detection
sensitivity is desired so that the gas sensor can detect an
extremely small quantity of gas.

Consequently, the present invention has been made with
the above respects taken into consideration. An object of the
present invention is to propose a gas sensor capable of
enhancing gas detection sensitivity more than the conven-
tional gas sensors, with a simple configuration.

Solution to Problem

A first aspect of the present invention is a gas sensor that
detects a gas that is a target of detection, the gas sensor
includes: a carbon nanotube provided between a source elec-
trode and a drain electrode on a substrate, and a source-drain
current flows therein; and a gas absorbing liquid disposed to
cover the carbon nanotube, and is featured in that the gas is
detected based on a change of the source-drain current in the
carbon nanotube caused by absorbing the gas in the gas
absorbing liquid.

Further, a second aspect of the present invention is the gas
sensor, wherein the gas absorbing liquid is in contact with the
carbon nanotube and a gate electrode on the substrate to
become a gate insulating layer, a state of the gate insulating
layer changes by absorbing the gas, and the gas is detected
based on a change of the source-drain current that occurs in
response to the state of the gate insulating layer.

Advantageous Effect of Invention

According to the first aspect of the present invention, the
change of the state of the electric charges in the gas absorbing
liquid, which occurs by absorption of a gas is directly
reflected in the source-drain current that flows in the carbon
nanotube, and therefore, gas detection sensitivity can be
enhanced more than the conventional gas sensors. Further,
since surface chemical modification does not have to be per-
formed for the carbon nanotube itself as in the conventional
gas sensors, and the gas absorbing liquid only has to be
provided so as to be in contact with the carbon nanotube, the
configuration can be simplified correspondingly.

Further, according to the second aspect of the present
invention, the change of the state of the gate insulating layer
of'the gas absorbing liquid, which occurs by absorption of the
gas is directly reflected in the source-drain current that flows
in the carbon nanotube, and therefore, gas detection sensitiv-
ity can be enhanced more than in the conventional gas sen-
sors. Further, since surface chemical modification does not
have to be performed for the carbon nanotube itself as in the
conventional gas sensors, and the gas absorbing liquid only
has to be provided so as to be in contact with the carbon
nanotube and the gate electrode, the configuration can be
simplified correspondingly.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a perspective view showing a configuration of a
gas sensor according to the present invention;

FIG. 2 is a schematic view showing a top surface configu-
ration of the gas sensor according to the present invention;

FIG. 3 is a sectional view showing a sectional configuration
of'an A-A' portion in FIG. 2;

FIG. 41s a sectional view showing a sectional configuration
of'a B-B' portion in FIG. 2;

FIG. 5 is a schematic view presented for explanation of an
electric double layer;
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FIG. 6 is a graph showing change of a source-drain current
and a gate voltage;

FIG. 7 is a schematic view presented for explanation (1) of
a method of producing the gas sensor;

FIG. 8 is a schematic view presented for explanation (2) of
the method of producing the gas sensor;

FIG. 9 is a schematic view presented for explanation (3) of
the method of producing the gas sensor;

FIG. 10 is a schematic view presented for explanation (4)
of the method of producing the gas sensor;

FIG. 11 is a schematic view presented for explanation (5)
of the method of producing the gas sensor;

FIG. 12 is a photograph showing a configuration of the gas
sensor actually produced;

FIG.13 is a photograph of a part of FIG. 12 that is enlarged,
and an SEM photograph showing a detailed configuration of
a carbon nanotube;

FIG. 14 is a graph showing a relation of a source-drain
current I, and a gate voltage V, obtained by the gas sensor;

FIG.15isa graph showing arelation of aleak current I, and
the gate voltage V;

FIG. 16 is a schematic view showing an entire configura-
tion of an experimental apparatus;

FIG. 17 is a graph showing relation of the source-drain
current | ,and the gate voltage V_ in the case of a mixture gas
of CO, and outside air, and in the case of only outside air;

FIG. 18 is a graph showing relation of the source-drain
current | ,and the gate voltage V_ in the case of a mixture gas
of NH; and outside air, and in the case of only outside air;

FIG.19is a graph showing arelation of ashift voltage V
and an NH; concentration;

FIG. 20 is a graph showing relation of the source-drain
current I, and the gate voltage V,, by the gas sensor using a
metallic carbon nanotube;

FIG. 21 is a graph showing relation of the source-drain
current I, and the gate voltage V,, by the gas sensor using a
semiconductor carbon nanotube;

FIG. 22 is a perspective view showing a configuration of a
gas sensor (1) according to another embodiment;

FIG. 23 is a sectional view showing a sectional configura-
tion of a C-C' portion in FIG. 22;

FIG. 24 is a sectional view showing a sectional configura-
tion of a D-D' portion in FIG. 22;

FIG. 25 is a sectional view showing a sectional configura-
tion of a gas sensor (2) according to another embodiment; and

FIG. 26 is a perspective view showing a configuration of a
gas sensor (3) according to another embodiment.

REFERENCE SIGNS LIST

1, 31, 41, 51 Gas sensor

2 Substrate

3 Source electrode

4 Drain electrode

5 First gate electrode portion

6 Second gate electrode portion
7 Gate electrode

8 Carbon nanotube

IL Ionic liquid (gas adsorbing liquid)
42 Coating film (holding means)
52 Frame body (holding means)

DESCRIPTION OF EMBODIMENTS

Hereinafter, embodiments of the present invention will be
described in detail based on the drawings.
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(1) Outline of Gas Sensor of the Present Invention

InFIG. 1, a gas sensor according to the present invention is
denoted by 1, and the gas sensor 1 is configured so as to be
able to detect a gas, for example, such as CO, and NH;, as a
target of detection. In fact, the gas sensor 1 includes a source
electrode 3 and a drain electrode 4 in band shapes on a
substrate 2 formed into a plate shape, and a carbon nanotube
8 is provided between the source electrode 3 and the drain
electrode 4. The source electrode 3 and the drain electrode 4
are formed from, for example, a Ti/Au material or a Cr/Au
material, and disposed substantially rectilinearly with respec-
tive longitudinal directions being aligned with each other, so
that a gap of approximately 1 um is formed between an end
portion of the source electrode 3 and an end portion of the
drain electrode 4 that face each other.

The carbon nanotube 8 has one end side electrically con-
nected to the end portion of the source electrode 3 and the
other end side electrically connected to the end portion of the
drain electrode 4, and is disposed so as to be positioned to
form a straight line with the source electrode 3 and the drain
electrode 4. Here, since the carbon nanotube 8 has a configu-
ration in which a six-membered ring structure is rolled into a
cylindrical shape in carbon, and has a large specific surface
area, the carbon nanotube 8 correspondingly has a large con-
tact surface to be in contact with an ionic liquid IL that will be
described later, and also include excellent conductivity.

The substrate 2 is provided with a gate electrode 7 formed
from, for example, a Ti/Au material and a Cu/Au material, the
ionic liquid IL is placed so as to be in contact with the gate
electrode 7, and the carbon nanotube 8 is configured to be able
to be contained in the ionic liquid IL. The gate electrode 7 is
formed by a first gate electrode portion 5 and a second gate
electrode portion 6 that are formed into the same shape and
size, and the carbon nanotube 8, the source electrode 3 and the
drain electrode 4 can be disposed in a gap G1 between the first
gate electrode portion 5 and the second gate electrode portion
6. More specifically, in the case of this embodiment, as in
FIG. 2 showing a top surface configuration of an area E of
FIG. 1, the first gate electrode portion 5 and the second gate
electrode portion 6 are formed into semi-circular shapes, a
straight line portion 5a of the first gate electrode portion 5 and
a straight line portion 6a of the second gate electrode portion
6 are disposed in parallel with each other with the predeter-
mined gap G1 therebetween. In the gap G1 between these
straight line portions 5a and 6a, the carbon nanotube 8, the
source electrode 3 and the drain electrode 4 are disposed
rectilinearly with respective longitudinal directions being
aligned with one another.

The ionic liquid IL is placed in a semi-spherical shape over
the first gate electrode portion 5, the second gate electrode
portion 6, the source electrode 3 and the drain electrode 4 in
such a manner as to cover the entire carbon nanotube 8, and is
configured to be able to function as a gate insulating layer.
The ionic liquid IL is configured so that a semi-spherical
liquid surface is exposed to outside air, and can contain the
carbon nanotube 8 that is located in a central portion of the
first gate electrode portion 5, the second gate electrode por-
tion 6, the source electrode 3 and the drain electrode 4. Here,
the ionic liquid IL as a gas absorbing liquid is formed from,
for example, [EMIM][BF,](1-ethyl-3-methylimidazolium
Tetrafluoroborate), [BMIM][BF,](1-Butyl-3-methylimida-
zolium Tetrafluoroborate), [BMIM][PF ;](1-Butyl-3-meth-
ylimidazolium Hexafluorophosphate), or [OMIM|[Br](1-n-
octyl-3-methylimidazolium bromide), besides the above,
[Hmpy][T{,N], [HMIM][TE,N], [BMIM][T{,N],
[CcHLFomin][T,N], [AMIM][BF,], [Pabim][BF,], [Am-
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im][DCA], [Am-im][BF,], [BMIM][BF,]+PVDF,
[C;NH,mim][CF SO, ]+PTFE, [C;NH,mim][T{,N]+PTFE,
[H,NC;Homim][Tf,N]+cross-linked Nylon66, P[VBBI]
[BE.], PIMABI][BF,], P[VBBI][T{,N], P[VBTMA][BE.,],
P[MATMA]|BF,] or the like, and in accordance with the kind
of a gas to be a target of detection, the ionic liquid that can
absorb the gas can be properly selected.

Here, when the gas sensor 1 that can detect CO,, for
example, is provided, [EMIM][BF,], [BMIM][BF,],
[BMIM][PF,], [Hmpy][T{,N], [HMIM][T{,N], [BMIM]
[TE,N], [CsH Fomim][TE,N], [AMIM][BF,], [Pabim][BF.],
[Am-im][DCA], [Am-im][BR,], [BMIM][BF,J+PVDF,
[CsNH,mim][CF (SO, ]+PTFE, [C;NH,mim][T{,N]+PTFE,
[H,NC,Hgmim][Tf,N]+cross-linked Nylon66, P[VBBI]
[BE.], PIMABI][BF,], P[VBBI][T{,N], P[VBTMA][BE.,],
P[MATMA][BF,] or the like that can absorb CO, is used as
the ionic liquid IL. Further, when the gas sensor 1 that can
detect NH; is provided, ionic liquids that absorb water in
general, such as [EMIM][BF,] capable of absorbing NH; are
used as the ionic liquid IL.

Note that to the ionic liquid IL, for example, PEI (polyeth-
yleneimine) may be added. In the ionic liquid I, with PEI
added thereto, the amino group of PEI transfers electric
charges to the carbon nanotube 8, and can reduce the resis-
tance value of the carbon nanotube 8. In the ionic liquid I,
with PEI added thereto, PEI reacts with CO, and H,O when
the ionic liquid IL. absorbs a gas, and the amino group of PEI
decreases. Accordingly, in the gas sensor 1 that uses the ionic
liquid IL to which PEI is added like this, the amino group of
PEI in the ionic liquid IL. decreases when the ionic liquid IL.
absorbs outside air with a high CO, content, as a result of
which, the resistance value of the carbon nanotube 8 can
increase, and an electric state of the carbon nanotube 8 can
change in accordance with the CO, content in the outside air.

Further, in the aforementioned embodiment, the case in
which the ionic liquid IL is applied as the gas absorbing liquid
is described, but the present invention is not limited to this.
For example, various other gas absorbing liquids such as
hydroxide aqueous solutions of an alkali metal and an alka-
line earth metal may be applied. Note that when hydroxide
aqueous solutions of an alkali metal and an alkaline earth
metal are used as the gas absorbing liquid, the gas absorbing
liquids can absorb CO,, and therefore, the gas sensor the
detection target of which is CO, can be realized.

Here, in the case of this embodiment, as in FIG. 3 showing
a sectional configuration of an A-A' portion in FIG. 2, and
FIG. 4 showing a sectional configuration of'a B-B' portion in
FIG. 2, the substrate 2 on which the ionic liquid IL is placed
has a configuration in which a silicon oxide film 11 is formed
on a silicon substrate 10, and has a configuration in which the
source electrode 3, the drain electrode 4, the first gate elec-
trode portion 5 and the second gate electrode portion 6 are
provided on the silicon oxide film 11. Further, as shown in
FIG. 3, the carbon nanotube 8 is configured so as to have one
end side covered with the source electrode 3 and the other end
side covered with the drain electrode 4, and to be capable of
being electrically connected to the source electrode 3 and the
drain electrode 4. Further, the carbon nanotube 8 can have
both the ends reliably fixed to the substrate 2 by having both
the ends covered with the source electrode 3 and the drain
electrode 4, and therefore, can keep an electric connection
state to the source electrode 3 and the drain electrode 4 as it is
without being removed from the substrate 2 when the ionic
liquid IL is dropped.

Further, the carbon nanotube 8 as above has a diameter of
approximately 1 to 10 nm, and is formed by growing in a
straight line shape along the silicon oxide film 11 from a
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catalyst portion 12 provided on the silicon oxide film 11. The
catalyst portion 12 is formed from a material prepared by, for
example, mixing Co and silica at a predetermined ratio, and is
covered with the drain electrode 4 together with the other end
of the carbon nanotube 8. The gas sensor 1 like this is con-
figured so that a source-drain current is supplied to the drain
electrode 4 from the source electrode 3 by a power supply 13
as shown in FIG. 3, and as shown in FIG. 4, a gate voltage can
be applied to the first gate electrode portion 5 and the second
gate electrode portion 6 by a power supply 15.

Thereby, as shown in FIG. 3 and FIG. 4, when the gate
voltage is applied to the first gate electrode portion 5 that faces
the carbon nanotube 8 in the gas sensor 1, a potential differ-
ence occurs in the ionic liquid IL, and electric charges are
supplied to the carbon nanotube 8 to keep the balance. More
specifically, when a negative voltage is applied to the first gate
electrode portion 5, the electric charges in the ionic liquid IL.
are polarized as shown in FIG. 4, and negative electric charges
gather on the surface of the carbon nanotube 8 as in FIG. 3 and
FIG. 4. Further, in contrast with this, a positive voltage also
can be applied to the first gate electrode portion 5, and in that
case, the electric charges in the ionic liquid IL are similarly
polarized, but positive electric charges gather on the surface
of the carbon nanotube 8.

Thus, for example, when a negative voltage is applied to
the gate electrode 7, in the gas sensor 1, anions in the ionic
liquid IL gather on the side peripheral surface of the carbon
nanotube 8, whereas cations in the ionic liquid I gather on
the first gate electrode portion 5 (the same applies to the
second gate electrode portion 6), an electric double layer (two
layers that are a layer in which marks of circled “-" are
written and a layer in which marks of circled “+” are written
in FIG. 5) is formed in the ionic liquid IL as shown in FIG. 5,
and the ionic liquid IL can be a gate insulating layer.

Namely, in the gas sensor 1, a gate voltage V_ is applied to
the first gate electrode portion 5 and the second gate electrode
portion 6, and a source-drain voltage V, is applied between
the source electrode 3 and the drain electrode 4, whereby an
extremely thin gate insulating layer is formed in the ionic
liquid IL, a source-drain current I, flows in the carbon nano-
tube 8, and the gas sensor can operate as a transistor. Further,
in addition to this, in the gas sensor 1 formed with the con-
figuration like this, when the ionic liquid IL absorbs a gas that
is a target of detection, the state of the gate insulating layer in
the ionic liquid IL. can be changed in accordance with the
absorption amount of the gas, and source-drain current/gate
voltage characteristics also can change in accordance with the
change of the state of the gate insulating layer.

With the gas sensor 1, such the change of the source-drain
current/gate voltage characteristics is measured, and the gas
that is a target of detection can be detected based on the
change of the source-drain current/gate voltage characteris-
tics. Further, with the gas sensor 1, the change amount of the
source-drain current/gate voltage characteristics is measured,
and when the change amount is large, it is indicated that a gas
concentration in the gas (hereinafter, also simply called out-
side air) around the ionic liquid IL is high, whereas when the
change amount is small, it is indicated that the gas concen-
tration in the outside air is low, so that the gas concentration
in the outside air can be estimated.

Inpractice, in the case of the gas sensor 1 having a metallic
carbon nanotube, a waveform close to a substantially V-shape
can be obtained as the relationship between the source drain
current I, and the gate voltage V, when the gas that is a target
of'detection is not contained in the gas around the ionic liquid
1L, as shown in FIG. 6. In contrast with this, when the gas
around the ionic liquid IL has a high concentration of the gas
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that is a target of detection, the gate voltage V, in the gas
sensor 1 can shift by a shift voltage V,,,. When the gas
concentration in outside air becomes high, the shift voltage
V i can increase in proportion thereto. As above, in the gas
sensor 1 of the present invention, detection of the gas con-
tained in outside air and estimation of the content of the gas
are enabled based on a change of the source-drain current I_,
and the change of the gate voltage V, that occurs due to the
change of the source-drain current I_,.

Note that in the aforementioned embodiment, the gas sen-
sor 1 is described, which is provided with the gate electrode 7,
applies the gate voltage V. to the first gate electrode portion 5
and the second gate electrode portion 6 that configure the gate
electrode 7, forms the electric double layer on the surface of
the carbon nanotube 8 in the ionic liquid IL,, and measures the
change of the source-drain current I, which flows in the
carbon nanotube 8 as a result of the state of the electric double
layer changing by the ionic liquid IL absorbing a gas. The
present invention is not limited to this, and may be a gas
sensor that is not provided with the gate electrode 7, and
simply measures the change of the source-drain current I,
that flows in the carbon nanotube 8 between the source elec-
trode 3 and the drain electrode 4 by the ionic liquid IL. absorb-
ing a gas.

Namely, in the gas sensor 1, negative electric charges in the
ionic liquid IL gather on the surfaces of the carbon nanotube
8 even when the gate voltage V,, is 0[ V], because the carbon
nanotube 8 having a large number of holes is in the ionic
liquid IL. Therefore, in the gas sensor 1, the states of the
negative electric charges and positive electric charges in the
ionic liquid IL. change as a result of the ionic liquid IL. absorb-
ing a gas, and in response to this, the source-drain current I,
that flows in the carbon nanotube 8 can also change. Thus,
with the gas sensor 1, detection of the gas contained in outside
air and estimation of the content of the gas are enabled from
the change of the source-drain current I, that flows in the
carbon nanotube 8, even though the gate electrode 7 is not
provided.

(2) Method for Producing Gas Sensor

Next, a method of producing the gas sensor 1 of the present
invention will be described. In the case of this embodiment, a
substrate 2 in which a silicon oxide film 11 is formed on a
silicon substrate 10 is prepared first of all, and a resist layer of
a predetermined pattern is formed on the silicon oxide film
11. Next, as shown in FIG. 7, a catalyst layer 19 is formed on
the resist layer 18 on the substrate 2 by spin coating, and the
catalyst layer 19 is also formed on the silicon oxide film 11
that is exposed in an opening 184 formed in the resist layer 18.
Note that for the catalyst layer 19, a catalyst material formed
by mixing, for example, Co and fumed silica ata ratio of 1:10,
or the like is used. Next, the resist layer 18 is removed by
lift-off, only the catalystlayer 19 that is formed in the opening
18a is left, and the catalyst portion 12 of 3 to 7 [pum] is formed
in rectangular shape.

Next, a carbon is grown from the catalyst portion 12 by a
chemical vapor deposition method (CVD), and the carbon
nanotube 8 that extends rectilinearly from the catalyst portion
12 is formed on the silicon oxide film 11 as shown in FIG. 8.
And then, after the entire surface is coated with a resist layer,
the resist layer is patterned by exposure, and as shown in FI1G.
9, after a resist layer 21 is left in central regions of the carbon
nanotube 8 that are exposed in the ionic liquid IL, for
example, an electrode layer 22 formed from Ti/Au (5/50) is
formed on the entire surface. Next, the resist layer 21 is
removed by lift-off and the electrode layer 22 is patterned,
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whereby the central regions of the carbon nanotube 8 is
exposed, and the source electrode 3, the drain electrode 4, and
further the first gate electrode portion 5 and the second gate
electrode portion 6 which are not illustrated are formed on the
silicon oxide film 11 as shown in FIG. 10.

Next, as shown in FIG. 11, the ionic liquid IL is dropped
onto the substrate 2 in such a manner as to cover the entire
carbon nanotube 8 that are exposed between the source elec-
trode 3 and the drain electrode 4, whereby as shown in FIG.
12, the gas sensor 1 can be produced, in which the ionic liquid
IL (described as “Ionic Liquid” in the drawing) is in contact
with the source electrode 3 (described as “Source” in the
drawing), the drain electrode 4 (described as “Drain” in the
drawing) and the gate electrode 7 (the first gate electrode
portion 5 and the second gate electrode portion 6, described as
“IL-gate Electrodes” in the drawing). As shown in FIG. 13 in
which an area ER1 in FIG. 12 is enlarged, and a SEM photo-
graph in which an area ER2 of FIG. 13 is further enlarged, in
the gas sensor 1 which is produced in this manner, the carbon
nanotube 8 contained in the ionic liquid IL is formed in a very
small gap between the source electrode 3 and the drain elec-
trode 4, and has an extremely microscopic structure. Note that
the wording “Catalyst” in FIG. 13 indicates the catalyst por-
tion 12 that is buried in the drain electrode 4, and the shape of
the catalyst portion 12 can be confirmed from the drain elec-
trode 4 that is located on an outer side of the catalyst portion
12.

(3) Verification Test

Next, various verification tests will be described. Here, in
accordance with the production method described above, the
source electrode 3, the drain electrode 4, and the gate elec-
trode 7 were respectively formed from Ti/Au (film thickness
5 [nm]/50 [nm]), the carbon nanotube 8 was formed from the
catalyst portion 12 formed by mixing Co and fumed silica at
1:10, and the gas sensor 1 in which the gap between the source
electrode 3 and the drain electrode 4 was set at 1 [um] and the
resistance value of the carbon nanotube 8 was set at 5 to 100
[k€2] was produced. Subsequently, the relationship between
the source-drain current [, flowing to the drain electrode 4
through the carbon nanotube 8 from the source electrode 3
and the gate voltage V,, that was applied to the gate electrode
7 when a gas that was a target of detection was not contained
in outside air was examined in the gas sensor 1, the result as
shown in FIG. 14 was obtained.

Note that FIG. 14 shows the relation of the source-drain
current I, and the gate voltage V, when the source-drain
voltage V, between the source electrode 3 and the drain
electrode 4 ofthe gas sensor 1 was set at 10 [mV], and the gate
voltage V, that was applied to the gate electrode 7 was
increased from -0.3 [V]t0 0.3 [V] at 5 [mV/sec]. From FIG.
14, it was confirmed that in the gas sensor 1, a waveform close
to a gentle V-shape is obtained when the gas that is a target of
detection is not contained in outside air.

Further, when the leak current I, that flows in the gate
electrode 7 when the source drain voltage V,, was set at 0
[mV] was examined in the gas sensor 1, the result as shown in
FIG. 15 was obtained. When the result shown in FIG. 15 and
the source-drain current I, were compared, it was found out
that the leak current I, becomes approximately 0.01[%] with
respect to the source-drain current 1, between the gate volt-
ages V, of 0.3 [V] to 0.3 [V], and it was confirmed that the
leak current I, is a very small ignorable value.

Next, with use of an experimental apparatus 24 as shown in
FIG. 16, a verification test was performed concerning
whether or not the gas that is a target of detection is detectable



US 9,250,210 B2

9

in the gas sensor 1. In practice, in the experimental apparatus
24, the gas that is a target of detection was supplied into a
chamber 25 of 300x300x100 [mm®] through a supply port
25a from a gas storage section 27 via a valve 29a, and the gas
was discharged to an outside of the chamber 25 from a dis-
charge port 256 via a valve 295. Further, in the experimental
apparatus 24, the gas sensor 1 was placed on a base 26 in the
chamber 25, and a measuring device 28 provided outside the
chamber 25 and the gas sensor 1 in the chamber 25 were
connected while a sealed state of the chamber 25 is kept.

In the experimental apparatus 24 as above, the gas sensor 1
using [EMIM][BF,] as the ionic liquid IL, was installed in the
chamber 25 first of all, after which, the inside of the chamber
25 was filled with air (Air) that does not contain the gas that
is a target to be detected, and the relation between the source-
drain current I, and the gate voltage V, in the gas sensor 1 at
this time was examined. Thereafter, CO, was supplied into
the chamber 25, the inside of the chamber 25 was filled with
a mixture gas prepared by mixing 12[%)] of CO, into outside
air (Air), and the relation of the source-drain current I, and
the gate voltage V, in the gas sensor 1 was also examined after
stabilization.

More specifically, when the source-drain voltage V_, was
set at 10 [mV] in the gas sensor 1, and the source-drain current
I, was measured as the gate voltage V, to be applied to the
gate electrode 7 was increased from -0.3 [V] t0o 0.3 [V] at 5
[mV/sec], the result as shown in FIG. 17 was obtained. From
FIG. 17, it was confirmed that when CO, that is a target of
detection is mixed in outside air, the gate voltage V,, shifts by
-42.9 [mV] as compared with the case of ordinary outside air.
Accordingly, it was confirmed that in the gas sensor 1, the
ionic liquid IL. absorbs CO, as a target of detection, as a result
of which, the state of the gate insulating layer that is formed
in the ionic liquid IL. changes, the source-drain current I,
changes, and the shift voltage V, , if is generated. Thus, it
was confirmed that the gas sensor 1 of the present invention
can detect CO, in the outside air around the ionic liquid IL, by
measuring the change of the source-drain current I_,.

Next, when the gas that is a target of detection was changed
from CO, to NH, after the inside of the chamber 25 was
refreshed, and a new experiment was performed under the
same experimental conditions as described above, the result
as shown in FIG. 18 was obtained. In this experiment, NH;
was supplied into the chamber 25, the inside of the chamber
25 was filled with a mixture gas prepared by mixing 2[%] of
NHj; into outside air (Air), and after stabilization, the relation
between the source-drain current I_; and the gate voltage in
the gas sensor 1 was examined. From FIG. 18, it was con-
firmed that when NHj that is a target of detection is mixed in
the outside air in the gas sensor 1 of the present invention, the
gate voltage V_ shifts by -285.7 [mV] as compared with the
case of air (Air) that does not contain a gas. Accordingly, it
was confirmed that in the gas sensor 1, the ionic liquid 1L
absorbs NH; as the target of detection, as a result of which, the
state of the gate insulating layer which is formed in the ionic
liquid IL changes, the source-drain current I, changes, and
the shift voltage V,,, is generated. Thus, it was confirmed
that the gas sensor 1 of the present invention can detect NH,
in the outside air around the ionic liquid IL. by measuring the
change of the source-drain current I_,.

Next, when the inside of the chamber 25 was refreshed, and
thereafter, the shift voltage V,,,, was measured as the con-
centration of NH; was changed from 40 to 4000 [ppm], the
result as shown in FIG. 19 was obtained. From FIG. 19, it was
confirmed that in the gas sensor 1, the shift voltage V,,,
changes linearly with respect to concentration logs of NH;,
and from this, it was also confirmed that based on the change
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of the shift voltage V., that occurs as a result of the source-
drain current I_, changing, the NH; concentration can be
estimated.

Further, apart from the above, the gas sensor 1 using ionic
liquid IL prepared by mixing PEI (branched, M. W. 10,000)
into [EMIM][BF,] as the ionic liquid IL, and using a metallic
carbon nanotube as the carbon nanotube 8 was prepared.
Incidentally, concerning whether the carbon nanotube 8 is a
metallic carbon nanotube or a semiconductor carbon nano-
tube that will be described later, an I-V characteristic was
measured after the carbon nanotube 8 was produced, and
determination was performed from the shape of the curve of
the I-V characteristic.

Subsequently, after the gas sensor 1 having the configura-
tion like this was installed in the chamber 25, the inside of the
chamber 25 was filled with air (Air), and the relation of the
source-drain current I, and the gate voltage V, in the gas
sensor 1 at this time was examined. Thereafter, CO, was
supplied into the chamber 25, the inside of the chamber 25
was filled with a mixture gas prepared by mixing CO, into the
air (Air) by 24[%], and after stabilization, the relation of the
source-drain current I, and the gate voltage V, in the gas
sensor 1 was also examined. In this experiment, when the
source-drain voltage V,,; of the gas sensor 1 was set at 10
[mV], and the source-drain current I, was measured at the
gate voltages V, of -0.3 [V] to 0.3 [V] as in the aforemen-
tioned experiment, the result as shown in FIG. 20 was
obtained.

From FIG. 20, it was confirmed that in the gas sensor 1 as
above, the gate voltage V_ shifts when CO, that is the target of
detection is mixed in the outside air, as compared with the
case of the air (Air) that does not contain CO,. Accordingly,
it was also confirmed that in this gas sensor 1, the ionic liquid
1L absorbs CO, as the target of detection, as a result of which,
the state of the gate insulating layer formed in the ionic liquid
IL changes, the source-drain current 1., that flows in the
metallic carbon nanotube changes, and the shift voltage V.,
is generated, and thus, it was confirmed that by measuring the
change of the source-drain current I, CO, in the outside air
can be detected.

Further, apart from the above, the gas sensor 1 using the
ionic liquid IL. prepared by mixing PEI (branched, M. W.
10,000) into [EMIM][BF,] that is the same as described
above as the ionic liquid IL, and using a semiconductor car-
bon nanotube as the carbon nanotube 8 was prepared.

Subsequently, after the gas sensor 1 having the configura-
tion as above was installed in the chamber 25, the inside of'the
chamber 25 was filled with air (Air), and the relation of the
source-drain current I, and the gate voltage V, in the gas
sensor 1 at this time was examined. Thereafter, CO, was
supplied into the chamber 25, the inside of the chamber 25
was filled with a mixture gas in which CO, was mixed into the
air (Air) by 25[%], and after stabilization, the relation
between the source-drain current I, ;and the gate voltage V_ in
the gas sensor 1 was also examined. In this experiment like-
wise, when the source-drain voltage V, of the gas sensor 1
was set at 10 [mV], and the source drain current I, was
measured at the gate voltages V, of =0.3 [V] t0 0.3 [V], as in
the above experiment, the result as shown in FIG. 21 was
obtained.

From FIG. 21, it has been confirmed that in the gas sensor
1 as above, the gate voltage V, shifts when CO, that is the
target of detection is mixed in the outside air, as compared
with the case of the air (Air) that does not contain CO,.
Accordingly, it was confirmed that in this gas sensor 1, the
ionic liquid IL. absorbs CO, as the target of detection, as a
result of which, the electric state of the gate insulating layer



US 9,250,210 B2

11

formed in the ionic liquid IL changes, the source-drain cur-
rent I, that flows in the semiconductor carbon nanotube
changes, and the shift voltage V, ; is generated. And thus, it
was confirmed that by measuring the change of the source-
drain current I_,, CO, in the outside air can be detected.

(4) Operation and Effect

In the above configuration, the gas sensor 1 is configured
such that the carbon nanotube 8 is provided between the
source electrode 3 and the drain electrode 4 on the substrate 2,
and the carbon nanotube 8 is covered with the ionic liquid IL.
In the gas sensor 1 like this, the carbon nanotube 8 having a
large number of holes is located in the ionic liquid I, and
thereby the negative electric charges in the ionic liquid 1L
gather on the surface ofthe carbon nanotube 8. Thereby, when
the ionic liquid IL absorbs a gas that is a target of detection in
the gas sensor 1, the state of the negative electric charges that
gather on the surface of the carbon nanotube 8 in the ionic
liquid IL. changes, and with this change, the source-drain
current I, that flows in the carbon nanotube 8 also changes,
whereby based on the tendency of the change of the source-
drain current I_,, the gas in the outside air can be detected.

Further, in the gas sensor 1, the carbon nanotube 8 is
provided between the source electrode 3 and the drain elec-
trode 4 on the substrate 2, the ionic liquid IL to be the gate
insulating layer is provided in contact with the carbon nano-
tube 8 and the gate electrode 7 on the substrate 2, and a gate
voltage is applied to the ionic liquid IL via the gate electrode
7. Thereby, in the gas sensor 1, the electric double layer
having the gate insulating layer is formed in the ionic liquid
IL that absorbs a gas, and the gas sensor 1 can operate as a
transistor capable of measuring the source-drain current I,
that flows in the carbon nanotube 8.

In the gas sensor 1 like this, the state of the gate insulating
layer in the ionic liquid IL. changes when the ionic liquid IL.
absorbs the gas that is a target of detection, and the source-
drain current I, that flows in the carbon nanotube in the ionic
liquid I, changes in response to the state of the gate insulating
layer. Therefore, the change of the source-drain current I, is
measured, and the gas in the outside air can be detected based
on the tendency of the change of the source-drain current I_,.

Here, in the conventional back gate type gas sensor (not
illustrated) shown in National Publication of International
Patent Application No. 2007-505323, a silicon oxide film
with a film thickness of 150 to 200 [nm], for example, is used
as a gate insulating layer between the silicon back gate and the
carbon nanotube, and therefore, in order to operate the gas
sensor as a transistor, a gate voltage of approximately 15 [V]
at the maximum is needed. In contrast with this, in the gas
sensor 1 of the present invention, an extremely thin gate
insulating layer of several nanometers is formed in the ionic
liquid IL, provided between the carbon nanotube 8 and the
gate electrode 7 without using a silicon oxide film such as
Si0,, whereby even if the gate voltage V, of approximately
0.4 [V] is applied to the gate electrode 7, the gas sensor can
operate as a transistor, and the gate voltage V,, can be more
drastically reduced than in the conventional gas sensors.

Further, since in the gas sensor 1, the gate insulating layer
is formed in the ionic liquid IL itself that absorbs a gas, and
the change of the state of the gate insulating layer of the ionic
liquid IL, which occurs by absorption of the gas is directly
reflected in the source-drain current that flows in the carbon
nanotube 8, the gas detection sensitivity can be enhanced
more than in the conventional gas sensors. Furthermore, since
in the gas sensor 1, surface chemical modification does not
have to be applied to the carbon nanotube itself as in the
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conventional gas sensors, and the ionic liquid IL. can be sim-
ply provided to be in contact with the carbon nanotube 8 and
the gate electrode 7, and therefore, the configuration can be
simplified correspondingly.

Furthermore, in the gas sensor 1, the source-drain current/
gate voltage characteristics change in accordance with the gas
concentration in the outside air, and therefore, by measuring
the change amount of the source-drain current/gate voltage
characteristics, to what extent the gas which is the target of
detection is contained in the outside air also can be estimated
based on the change amount.

According to the above configuration, by providing the
carbon nanotube 8 between the source electrode 3 and the
drain electrode 4 in the ionic liquid IL, the change of the state
of'the electric charges in the ionic liquid IL, which occurs by
absorption of a gas is directly reflected in the source-drain
current [, that flows in the carbon nanotube 8, and therefore,
the gas detection sensitivity can be enhanced more than in the
conventional gas sensors. Further, since the carbon nanotube
8 can be simply provided to be disposed in the ionic liquid IL,
the configuration that chemically modifies the surface of the
carbon nanotube with a plurality of polymers as in the con-
ventional gas sensors is not necessary, and the configuration
can be simplified correspondingly.

Further, since the electric double layer including the gate
insulating layer is formed in the ionic liquid IL, and the
change of the state of the gate insulating layer in the ionic
liquid IL, which occurs by absorption of a gas is directly
reflected in the source-drain current I, that flows in the car-
bon nanotube 8, and therefore, the gas detection sensitivity
can be enhanced more than in the conventional gas sensors.
Further, since the ionic liquid IL can be simply provided on
the substrate 2 to be in contact with the carbon nanotube 8 and
the gate electrode 7, the configuration that chemically modi-
fies the surface of the carbon nanotube with a plurality of
polymers as in the conventional gas sensors is not needed, and
the configuration can be simplified correspondingly.

(5) Other Embodiments

Note that the present invention is not limited to the present
embodiment, and can be carried out by being variously modi-
fied within the range of the gist of the present invention. In the
embodiment described above, the gas sensor 1is described, in
which the ionic liquid IL is provided to be placed not only on
the source electrode 3 and the drain electrode 4, but also on
the first gate electrode portion 5 and the second gate electrode
portion 6, but the present invention is not limited to this. A gas
sensor 31 may be applied, in which an ionic liquid IL1 is
provided in only a region G2 surrounded by the source elec-
trode 3, the drain electrode 4, the first gate electrode portion 5,
and the second gate electrode portion 6 without covering the
top surfaces of the source electrode 3, the drain electrode 4,
the gate electrode portion 5 and the second gate electrode
portion 6, as in FIG. 22 showing the configuration by assign-
ing the components corresponding to those in FIG. 1 with the
same reference signs, FIG. 23 showing a sectional configu-
ration of a C-C' portion of FIG. 22, and FIG. 24 showing a
sectional configuration of a D-D' portion of FIG. 22.

In practice, since in the gas sensor 31, the ionic liquid IL1
is disposed in the region G2 surrounded by the source elec-
trode 3, the drain electrode 4, the first gate electrode portion 5
and the second gate electrode portion 6 to be in contact with
respective side surfaces of the source electrode 3, the drain
electrode 4, the first gate electrode portion 5 and the second
gate electrode portion 6, miniaturization can be achieved by
reducing the amount of the ionic liquid IL1, and the ionic
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liquid IL.1 can be provided on the substrate 2 stably by action
of surface tension as well. Further, in the gas sensor 31, an
electric double layer including a gate insulating layer of sev-
eral nanometers is formed in the ionic liquid I[.1 when a gate
voltage is applied to the ionic liquid IL.1 via the gate electrode
7 similarly to the aforementioned embodiment. The ionic
liquid IL1 can be reduced to the volume with which the gate
insulating layer of approximately several nanometers of the
electric double layer can be formed.

Further, in the aforementioned embodiment, the gas sensor
1 in which the ionic liquid IL is simply dropped and placed on
the substrate 2 is described, but the present invention is not
limited to this. As another embodiment, a gas sensor 41 may
be applied, which has a configuration in which a liquid sur-
face of the ionic liquid IL formed in a curved shape is covered
with a coating film 42 capable of permeating outside air such
as parylene, as in FIG. 25 showing the configuration by
assigning the components corresponding to those in FIG. 3
with the same reference signs. In this case, even if an external
force is applied to the substrate 2 and the substrate 2 is tilted,
the ionic liquid 1L can be kept to be held on the substrate 2
stably by the coating film 42 as holding means. Incidentally,
the gas sensor 41 can be produced by depositing a coating
material capable of permeating outside air such as parylene
on the ionic liquid IL by, for example, a CVD (Chemical
Vapor Deposition) method, after dropping the ionic liquid IL,,
and forming the coating film 42 directly onto the ionic liquid
IL. Further, the gas sensor 41 also can be produced by forming
the coating film 42 on the substrate 2 in advance by a coating
material capable of permeating outside air such as parylene,
and thereafter injecting the ionic liquid IL into the coating
film 42 and sealing the ionic liquid IL.

Since in the gas sensor 41 like this, the ionic liquid IL. can
be held on the substrate 2 stably by the coating film 42, the
substrate 2 can be installed on the ceiling in a room with the
ionic liquid IL facing down, for example, and the substrate
can be installed with the ionic liquid IL facing in various
directions in accordance with service conditions.

Further, in the gas sensor 41 like this, a gas absorbing liquid
can be isolated from outside air, and therefore, as the gas
absorbing liquid, a volatile liquid such as water also can be
used. Note that when water is used as the gas absorbing liquid,
the water absorbs a gas, whereby in response to a change of
the state of the electric charges in the water, the source-drain
current [, that flows in the carbon nanotube 8 changes, and a
similar effect to the embodiment described above can be
obtained.

Further, as the gas sensor according to another embodi-
ment, as in FIG. 26 showing the configuration by assigning
the components corresponding to those in FIG. 1 with the
same reference signs, a gas sensor 51 may be applied, which
is configured such that a frame body 52 covering the ionic
liquid IL is provided on the substrate 2, and the ionic liquid IL.
is held on the substrate 2 by the frame body 52 as holding
means. In this case, the frame body 52 is disposed on the
substrate 2 in such a manner as to cover the carbon nanotube
8 (notillustrated) between the source electrode 3 and the drain
electrode 4 on the substrate 2, to cover parts of the source
electrode 3, the drain electrode 4 and the gate electrode 7 that
are disposed around the carbon nanotube 8, and to be able to
hold the ionic liquid IL in an internal space.

In practice, the frame body 52 forms the internal space by,
for example, a quadrilateral wall portion 52a that holds back
the ionic liquid 1L, and a plate-shaped top plate portion 526
that is disposed to cover the wall portion 524, and a plurality
of' microscopic through-holes 53 that allow the internal space
and an outside to communicate with each other are provided
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by being drilled in the top plate portion 525. The frame body
52 has a bottom surface portion closed by being installed on
the substrate 2, has the internal space communicating with the
outside through only the through-holes 53, and can hold the
ionic liquid IL in the internal space by the ionic liquid IL
being injected into the internal space from the through-holes
53. Here, the frame body 52 is configured to be able to hold
the ionic liquid IL reliably, since the surface tension of the
ionic liquid IL acts in the through-hole 53 because the
through-hole 53 is microscopic, and the ionic liquid IL
injected into the internal space hardly flows outside from the
through-hole 53.

Further, the ionic liquid IL covers the carbon nanotube in
the internal space of the frame body 52, and is also in contact
with the first gate electrode portion 5 and the second gate
electrode portion 6 (not illustrated) of the gate electrode 7.
Thus, with the gas sensor 51, the electric double layer includ-
ing the gate insulating layer is formed in the ionic liquid IL.
when the gate voltage is applied to the ionic liquid IL from the
gate electrode 7, and a similar effect to the above described
embodiment can be provided.

Furthermore, as another embodiment, a configuration may
be adopted, in which the substrate 2 provided with the carbon
nanotube 8, the gate electrode 7 and the like is installed in a
box-shaped storage portion in which the ionic liquid IL is
stored, and the substrate 2 is provided in the ionic liquid IL.
Such gas sensors with various configurations each with the
disposition relation of the substrate 2 and the ionic liquid IL.
appropriately changed may be applied in accordance with
service conditions.

The invention claimed is:

1. A gas sensor that detects a gas that is atarget of detection,

comprising:

a carbon nanotube provided between a source electrode
and a drain electrode on a substrate, and a source-drain
current flows therein; and

a gas absorbing liquid disposed to cover the carbon nano-
tube,

wherein the gas is detected based on a change of the source-
drain current in the carbon nanotube caused by absorb-
ing the gas in the gas absorbing liquid,

wherein the gas absorbing liquid is in contact with the
carbon nanotube and a gate electrode on the substrate to
become a gate insulating layer, a state of the gate insu-
lating layer changes by absorbing the gas, and the gas is
detected based on a change of the source-drain current
that occurs in response to the state of the gate insulating
layer,

wherein the gate electrode is configured by a first gate
electrode portion and a second gate electrode portion,
and the carbon nanotube is disposed between the first
gate electrode portion and the second gate electrode
portion, and the gas absorbing liquid is disposed to be in
contact with the first gate electrode portion and the sec-
ond gate electrode portion, and

wherein the gas absorbing liquid is held in a gap formed
between the first gate electrode portion and the second
gate electrode portion.

2. The gas sensor according to claim 1,

wherein holding means covering the gas absorbing liquid,
and holding the gas absorbing liquid on the substrate is
provided.

3. The gas sensor according to claim 1,

wherein the gas is detected based on a change of a gate
voltage of the gate electrode that changes in response to
the source-drain current.
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4. The gas sensor according to any claim 1,

wherein the gas absorbing liquid is an ionic liquid.

5. The gas sensor according to claim 1, wherein the gas
absorbing liquid is a hydroxide aqueous solution of an alkali
metal and an alkaline earth metal. 5
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